INTRODUCTION
The contamination of soil and water by toxic substances, such as heavy metals, has become more and more frequent. The main activities that have increased the levels of heavy metals in soils are industrial, such as the chemical and metallurgical industry, paper mills, tanneries, textile mills, and waste disposal sites (Tchounwou et al., 2012) .
Nickel is a heavy metal that is constantly deposited in the soil through anthropogenic activities and pollution by this element has become a global problem. Although Ni is an essential element for plants (López and Magnitski, 2011; Fabiano et al., 2015) , high levels of this metal in the environment can cause phytotoxicity (Kovácik et al., 2009 ) and even reach the animal and human food chain (Rodak et al., 2015) . In general, critical toxicity levels are 10 mg kg -1 DM in sensitive species, 50 mg kg 1 DM in moderately tolerant species, 100 mg kg -1 DM in tolerant species (Yusuf et al., 2011; Hussain et al., 2013; Matraszek et al., 2016) , and 1000 mg kg -1 DM in Ni hyperaccumulator plants, such as the Alyssum and Thlaspi species (Yusuf et al., 2011; Leitenmaier and Küpper, 2013; Matraszek et al., 2016) .
Nickel availability is related to soil and plant characteristics. The factors that influence soil Ni phytoavailability are pH, redox potential, texture, concentration and types of silicate minerals and Fe, Al and Mn oxides, organic matter concentration, presence of other heavy metals, and microbial activity (Tchounwou et al., 2012) . The reference value of soil quality for agricultural intervention indicated by the São Paulo State Environmental Agency (2005) is 13 mg Ni kg -1 and the National Environmental Council of Brazil (2009) establishes a reference quality value of 30 mg kg -1 to ensure soil quality to prevent problems in food grown in Ni-contaminated soils; both these values are for total Ni extraction.
There have been several solutions to extract bioavailable concentrations of heavy metals in soil, such as diethylenetriaminepentaacetic acid (DTPA), Mehlich-1, and acid mixture (Rodak et al., 2015) ; some of these have been used in laboratories to evaluate the availability of various cationic micronutrients. The United States Environmental Protection Agency recommends determining the pseudo total present in the sample concentration (USEPA, 2007) to monitor soil pollution by heavy metals. Conventionally, this analysis requires digestion with hydrofluoric acid (HF) together with other strong acids (Nascimento et al., 2014) . However, the use of HF in routine laboratories is not recommended because this reagent is difficult to handle. For this, strong acids have been used that are not part of the routine chemical soil analysis for fertility purposes; they do not always extract concentrations of elements correlated with levels absorbed by plants. Correlations between soil Ni concentration extracted by several extractors and the concentration accumulated by some plants have defined the most efficient extractors to predict the phytoavailability of this element (Berton et al., 2006; Chang et al., 2014; Rodak et al., 2015) .
Plants that accumulate high amounts of Ni may be suitable for phytoremediation. Plants that are ideal for phytoremediation must be able to tolerate, grow, and accumulate metals in the climate and soil conditions of the area to be remediated; plants must grow rapidly and be easily harvested (Jabeen et al., 2009) . Tropical grasses are generally undemanding with high biomass production and rapid growth.
In this context, the objective of this study was to evaluate the tolerance of tropical grasses to Ni and determine its availability in the soil using the Mehlich 1, DTPA, and USEPA 3051 and 3052 extraction methods in Nicontaminated Oxisol.
MATERIALS AND METHODS
The experiment was conducted in a greenhouse in Diamantina (18º14' S, 43º36' W; 1.250 m a.s.l.), Minas Gerais, Brazil, with samples of a Typic Hapludox (Oxisol) classified according to Soil Taxonomy (Soil Survey Staff, 2010) collected in the Bw horizon at 0.80 m. The soil was ground into small particles, air-dried, and passed through a 5.0 mm sieve. A subsample was taken and passed through a 2.0 mm sieve, thus forming thin air-dried soil for chemical and soil texture analysis (Embrapa, 1997) (Table 1) . The pH was measured potentiometrically (soil:water 1:2.5, v/v); P and K were extracted by Mehlich-1 and determined by colorimetry (P) and flame photometry (K), while Ca, Mg, and Al were extracted by 1 mol L -1 KCl and determined by flame atomic absorption spectrophotometry (Ca and Mg) and titration with 0.025 mol L -1 NaOH (Al). Acidity (H + Al) was extracted with 0.5 mol L -1 calcium acetate buffered at pH 7.0 and quantified by titration with 0.025 mol L -1 NaOH. Organic C was determined by the Walkley-Black method. Base saturation values were calculated using the following equation: Base saturation (V%) = (∑ Ca, Mg, K)/ (CEC) × 100. The values of K, Ca, Mg, H + Al, and cation exchange capacity (CEC = ∑ K, Ca, Mg, H + Al) were expressed in mmol c kg -1 . Soil physical fractionation was performed by the densimeter method.
Soil Ni concentration was determined prior to the application of the Ni doses by Mehlich-1 (Embrapa, 1997) and diethylene-triaminepentaacetic acid-DTPA at pH 7.3 (Zhang et al., 2010 Grasses were directly planted in plastic pots containing 4 kg soil. Soil moisture was maintained at approximately 60% TPV, measured daily by weighing, and the mass completed with deionized water. Plants were thinned to one plant per pot after germination. Thirty days after thinning, plants were uniformly cut at 0.03 m from the stem base of each plant to initiate the evaluation period.
Plants were grown duirng three growth periods. After 30 d of the uniform cut, the first, second, and third evaluation cuts were performed at 30-d intervals at 0.03 m from the stem base of the plants. Four cover fertilizations were applied with 50 mg kg -1 (urea) every 5 d after the uniform cut in the first growth period and five N fertilizations with 60 mg kg -1 (urea) for the last two grass growth periods. After the final cut, 90 d after the uniform cut, the stem (0.03 m remaining material that received the three shoot cuts) and roots were collected.
After the last shoot cut, 90 d after the uniform cut, the rest of the plant was collected: the stem base (connecting roots to shoots) and roots. All collected plant material was washed with tap water, distilled water, diluted detergent, distilled water again, HCl solution 0.1 mol L -1 , and finally with deionized water to remove excess metal on the surface of the plant. Subsequently, the material was packed in paper bags and oven-dried with forced air circulation at 65 °C for 72 h.
After drying, the material was weighed on an analytical balance to measure the DM weight of shoots (sum of dry weight of the three cuts), stem base, and roots. by DM weight (g). After the last grass cut, soil samples were collected to quantify Ni concentration extracted with Mehlich-1 (Embrapa, 1997) and diethylene-triaminepentaacetic acid (DTPA) at pH 7.3 (Zhang et al., 2010) . The Ni concentration was determined by the USEPA 3051 method bymicrowave oven digestion with concentrated HNO 3 (65%) of analytical purity (USEPA, 2007); total soil concentration was defined by the USEPA 3052 method by microwave oven digestion with HF + HNO 3 + H 2 O 2 and subsequently adding H 3 BO 3 (USEPA, 2007). The Ni concentration was determined by atomic absorption spectrometry with a graphite oven (Perkin-Elmer AAnalyst 800). Quality control of soil Ni analysis was carried out with certified soil samples (NIST SRM 2709 San Joaquin soil).
To determine the recommended dose (RD) and critical toxicity dose (CTD) of Ni for 90% maximum growth and 10% reduction in maximum growth of tropical grasses, a multivariate approach using the canonical variable joint analysis of variance of Ni doses was used for each tropical grass (Hair et al., 2009) . With the canonical variable of greater self-worth, scores were obtained from the observation vector of each experimental unit of the studied grass growth variables, reducing them to a single value. These scores were subjected to joint analysis of variance and regression study of Ni doses. The regression equations were adjusted for the variables as a function of Ni doses after transforming scores related to the canonical variable for each grass. The soil Ni dose that provides the maximum canonical variable value for each tropical grass was calculated based on the first derivative of the regression equation, equaling zero. The RD corresponds to 90% of the maximum value of the scores related to the canonical variable of each tropical grass. The CTD caused a reduction of 10% in the value of the scores related to the canonical variable. The statistical analysis used the SAS for Windows software (SAS Institute, Cary, North Carolina, USA) by the PROG GLM and REG procedures.
The Ni critical range (CR) in the DM of shoots, stem base, and roots of the tropical grasses and Ni extracted by soil extraction methods (Mehlich-1, DTPA at pH 7.3, USEPA 3051, and USEPA 3052) was obtained by replacing the RD and CTD in the equations that relate to the Ni doses with these variables.
The Ni dose providing the maximum accumulation in shoots, stem base, and roots of tropical grasses is calculated based on the first derivative of the regression equation, equal to zero, for quadratic equations. For linear equations, it was the maximum Ni dose applied to the soil for the maximum Ni accumulation in shoots, stem base, and roots of tropical grasses.
Correlation studies were conducted to evaluate the relationships between Ni concentrations by soil extraction methods (Mehlich-1, DTPA at pH 7.3, USEPA 3051, and USEPA 3052) and Ni accumulation in shoot DM of the tropical grasses to define the best extractor to evaluate soil Ni availability.
RESULTS AND DISCUSSION
Multivariate analysis of variance (MANOVA) was performed to study the effect of four Ni doses on the variables DM weight of shoots (DWS), stem base (DWSB), and roots (DWR) of tropical grasses. Results of MANOVA showed that Ni doses were significant (p < 0.01). The multivariate model of the first canonical variable was expressed as (CV = 0.1225*DWS + 0.3239*DWSB + 0.1344*DWR with eigenvalue = 95%). This eigenvalue is satisfactory in studies using this technique. Tropical grass growth was affected by increasing Ni doses applied to the soil (p < 0.01). There was increased growth of tropical grasses in the first soil Ni dose and a subsequent decrease when doses increased ( Figure  1) . The cultivars showed positive responses to increased Ni doses, exhibiting a square root response ('Aruana' and 'Xaraés') and/or cubic response ('Tanzania', 'Marandu', and 'Basilisk') to increased soil Ni doses (Figure 1) .
The cultivars had different sensitivities to soil Ni concentration. Starting with the RD, soil Ni requirement in descending order was 'Marandu' > 'Basilisk' > 'Xaraés' > 'Tanzania' > 'Aruana'. However, the descending order of tolerance to soil Ni based on the CTD was 'Basilisk' > 'Xaraés' > 'Marandu' > 'Aruana' > 'Tanzania' (Figure 1) .
The positive responses of grasses to soil Ni corroborate the results found by Chen and Wong (2006) , who evaluated the effect of increasing Ni concentration in acidic soil on Agropyron elongatum, noting that Ni slightly increased DM yields at a dose of 15 mg kg -1 , but reduced plant DM at Ni doses higher than 100 mg kg -1 applied to the soil. Both results may be explained by the fact that Ni, though it is toxic to plants in high doses, is an essential plant nutrient in acceptable doses (López and Magnitski, 2011; Fabiano et al., 2015) and can increase growth and yield. Nickel is essential for plants as a constituent of various metalloenzymes, including urease, some superoxide dismutases (SOD), NiFe hydrogenases, methyl coenzyme M reductase, acetyl-coenzyme A synthase, RNAse A, and others. Therefore, Ni deficiency reduces urease activity, changes N assimilation, reduces SOD activity and decreases the elimination of superoxide free radicals (Fabiano et al., 2015; Matraszek et al., 2016) . Another important role of Ni in plants is its contribution to phytoalexin synthesis, increasing plant resistance to various types of stress (Ahmad and Ashraf, 2011; Fabiano et al., 2015) .
The DM yield of sorghum plants (Sorghum bicolor [L.] Moench) in an experiment applied Ni doses through soil sewage sludge at 280 mg Ni kg -1 (Revoredo and Melo, 2006) . These authors observed a difference in leaf and stem DM yield; leaves produced more DM than stems. When 746 mg Ni kg -1 was added via sewage sludge, leaf DM yield was higher than for other parts of the plant. The effect of Ni doses in a sandy soil on tomato (Solanum lycopersicum L. var. lycopersicum) 105 d after transplanting reported an increase in the DM of roots, shoots, and fruits at a Ni dose of 30 mg kg -1 and an improvement in the visible aspects and biochemistry of the tomato plant (Gad et al., 2007) . These evaluation parameters decreased at Ni doses of 45 and 60 mg kg -1 . An increase was observed in Ni concentration in all the cultivars and in all the analyzed plant organs to the extent that Ni doses applied to the soil increased ( Table 2 ). The coefficients of the adjusted equations show that the highest Ni concentrations were observed in stem base DM weight followed by roots and shoots. 'Tanzania' has the highest Ni concentration in shoot and stem base DM weight followed by 'Basilisk' (Table 2) . 'Aruana' has the lowest Ni concentration in shoot and stem base DM weight. As for root DM weight, 'Basilisk' has the highest Ni concentration followed by 'Aruana' and 'Tanzania' has the lowest Ni concentration in this organ. A CR is observed when plant Ni concentrations are among the levels corresponding to RD and CTD in the soil. Levels below the CR indicate deficiency, while the plant exhibits toxicity above the CR. Most plants have a Ni CR between 0.05 and 10 mg kg -1 DM (Chen et al., 2009 ) with levels higher than 10 mg kg -1 being toxic for most plants (Yusuf et al., 2011; Hussain et al., 2013; Matraszek et al., 2016) .
The toxic Ni concentration in plants varies in relation to the degree of sensitivity or tolerance to the metal in the soil (Matraszek et al., 2016) . On the other hand, the descending order of sensitivity or tolerance to Ni in the soil based on the CTD in shoot dry weight (Table 2) was 'Basilisk' > 'Xaraés' > 'Marandu' > 'Tanzania' > 'Aruana'; thus, tropical grasses are considered from sensitive to moderately tolerant to soil Ni (Yusuf et al., 2011; Hussain et al., 2013; Matraszek et al., 2016) .
The Ni concentrations in plant organs are important mainly for information of zootechnical interest. If the Ni concentrations do not exceed the maximum allowed in leaves, animal consumption is permitted; this is combined with the environmental interest where plants could be grown in areas polluted with heavy metals. Values of Ni from 30 to 68 mg kg -1 were observed in leaves of leguminous crops and grasses used for feeding in the Soone Valley Salt Range in Pakistan ; they were below 100 mg kg -1 , which is acceptable for ruminants (National Research Council, 2005) .
Increasing Ni doses from 15 to 60 mg kg -1 in a sandy soil under field conditions had an effect on the tomato crop (Gad et al., 2007) . These authors observed an increased Ni concentration in both leaves and fruits with increased soil Ni doses. The maximum Ni value reached in leaves was 42 mg kg -1 and this value was 11.5 mg kg -1 in fruits. Netty et al. (2013) compared the Ni concentration of roots and shoots in five plant species in soil contaminated (94 mg kg -1
) by this metal. The species Sarcotheca celebica had the highest Ni concentration of 39.9 mg kg -1 in DM; in addition, it was the most tolerant plant to high soil Ni concentration. Tephrosia sp. had the lowest concentration (1.9 mg kg -1 ). In general, Ni concentration was higher in roots than in shoots because the Ni concentration in shoots did not differ among the studied species.
On average, the largest accumulations of Ni were observed in shoot DM followed by roots and minor accumulations were recorded in the stem base (Table 3) . The greatest Ni accumulation was observed in 'Basilisk', shoot DM (325.7 ug pot ). The dose corresponding to the highest accumulation of soil Ni was 120 mg kg -1 and was observed in 'Basilisk'. The lowest Ni accumulation was observed in stem base DM of 'Xaraés' according to the adjusted coefficients of the regression equations. This cultivar had little root DM buildup when compared to other cultivars. 'Aruana' also has a low Ni accumulation in stem base DM when compared to other cultivars.
'Xaraés' and 'Basilisk' had the lowest percentages of Ni accumulation in roots with 19% in both cultivars (Table 3) . From the point of view of animal feeding, these would be the least recommended cultivars because the probability of animal contamination would be higher in this case. The highest percentage of Ni accumulation in root DM was observed in 'Aruana' (38%), the most recommended forage for feeding in a contaminated area if this criterion were the only one being observed.
The cultivars that accumulate the highest percentages of Ni in shoot (cuts) DM in descending order were 'Xaraés' > 'Basilisk' > 'Tanzania' > 'Marandu' > 'Aruana' (Table 3) . If only this criterion were followed, this would also be the recommended order for phytoremediation ) and also in the shoot of Bermuda grass (25 to 30 mg kg -1 ). These authors concluded that these species cannot be considered as Ni hyperaccumulators.
Heavy metal accumulation capacity varies widely among plant species, growth stage, cultivation conditions, Ni concentration, and exposure time (Chen et al., 2009 ). For three plant species, Spinacia oleracea, Amaranthus oleraceus and Amaranthus tricolor growing in soil with total Ni concentration of 14.4 mg kg -1 , distinct accumulations were observed for the species with Ni values from 3 to 6 mg kg -1 DM over a period of 50 d after planting (Naser et al., 2011) . In soils with high Ni concentrations, such as ultramafic soils, plants with high tolerance and heavy metal accumulation capacity (hyperaccumulator) can accumulate more than the cultivars tested in this experiment. The Ni concentration of Thlaspi japonicum, a Ni hyperaccumulator plant, Ni concentration was observed up to 1000 mg kg -1 DM in a soil with 1553 mg kg -1 total concentration of the element (Mizuno et al., 2005) .
The Ni concentrations obtained from the soil by Mehlich-1, DTPA at pH 7.3, USEPA 3051, and USEPA 3052 extraction, according to the adjusted regression equations, increased linearly with the increase of soil Ni doses applied to the soil (Table 4) ; a higher Ni concentration was noted in the soil extracted by the total extraction method (USEPA 3052) followed by the USEPA 3051 method, Mehlich-1, and DTPA pH 7.3. The highest soil Ni concentration extracted by the USEPA 3052 method was because this extractor is composed of a mixture of concentrated acids (H 2 O 2 + HNO 3 + HF + H 3 BO 3 ) that can recover almost all the Ni applied to the soil; it has the ability to attack all the ways that the metal has to solubilize and extract.
The reference levels for heavy metals in the soil are commonly assigned by extraction methods (USEPA 3052 and 3051), for example, in the tables of the São Paulo State Environmental Agency (2005) . The DTPA pH 7.3 chelating extractor is used as an official extractor in laboratory routines for cationic micronutrients in the state of São Paulo, while the Mehlich-1 method is used in the state of Minas Gerais.
The highest concentration obtained from the CR corresponding to CTD with the total extractor (USEPA 3051 and 3052) was higher than the value recommended by the São Paulo State Environmental Agency (2005) and the National Environmental Council of Brazil (2009) to ensure soil quality and prevent problems with food grown in contaminated soils for all the studied tropical grass cultivars (Table 4) .
The available levels for plants rather than total levels (Rodak et al., 2015) . Therefore, there are no ranges and critical values in agricultural or natural soils regarding available Ni concentrations (Mehlich-1 and DTPA), demonstrating the need to define them as in the present work (Table 4) . The bioavailability of heavy metals in the soil depends on several factors intrinsic to the soil, such as pH, organic matter concentration, clay concentration, and redox potential. Tchounwou et al. (2012) reported the effect of some of these factors on various cationic metals, such as Ni, Zn, Pb, Cu, and Cd, and concluded that the variation in these factors modifies the availability of heavy metals in the soil. Therefore, Ni availability for plants is subjected to the interaction of these soil factors and displays a different behavior from the one observed in the nutrient solution.
Correlations were positive between Ni accumulation in tropical grass cultivars and Ni concentrations extracted by the studied chemical extractors (Figure 2 ). All extractors can be considered good for predicting Ni availability in tropical grasses. The Mehlich-1 and DTPA pH 7.3 extractors correlate well with plant Ni accumulation just as the USEPA 3051 and 3052 extractors after a 90-d period when Ni was applied to the soil; the latter two extractors are used worldwide as a reference for quality in relation to heavy metal concentration in the soil.
There was a high positive correlation (r = 0.96) between Ni concentrations extracted by DTPA and Ni concentration in leaves; it was high in common bean (Phaseolus vulgaris), showing a high efficiency of the extractor to estimate Ni bioavailability (Berton et al., 2006) . Soleimani et al. (2009) found a high positive correlation (r = 0.94) between Ni accumulation in Bermuda grass and fescue grass and Ni extracted by DTPA, showing a direct relationship between Ni extracted from the soil and the uptake of this metal by these grasses. Chang et al. (2014) already observed in Entisols, Inceptisols, Andisols, Vertisols, Alfisols, Ultisols, and Oxisols that the HCl solution 0.1 mol L -1 and DTPA pH 7.3 extractors were efficient in predicting Ni availability. These results suggest that Ni uptake is particular to each plant and depends on genetic and environmental factors, and this leads to the need for specific extractor studies for each plant and soil type.
CONCLUSIONS
Tropical grasses showed a positive response to the application of nickel (Ni) doses. The order of decreasing tolerance of tropical grasses to Ni soil was Urochloa decumbens 'Basilisk' > Urochloa brizantha 'Xaraés' > Urochloa brizantha 'Marandu' > Megathyrsus maximus 'Tanzania' > Megathyrsus maximus 'Aruana' based on the critical toxicity dose. Nickel concentration and accumulation increased with increasing soil Ni doses in all tropical grasses. The Mehlich 1, DTPA, USEPA 3051, and USEPA 3052 Ni extraction methods in the soil are efficient to diagnose Ni availability in tropical grasses.
